Introduction
Dopaminergic inputs to the prefrontal cortex (PFC) have been known for some time to be important for integration of neuronal signals, the formation of working memory (Sawaguchi and Goldman-Rakic, 1994) , and the establishment of memory fields (Williams and Goldman-Rakic, 1995) . Despite this, a detailed characterization of cellular mechanisms underlying the effects of dopamine on the PFC is still emerging. In vivo recordings have shown that the spontaneous firing rate of PFC neurons is depressed by dopamine or stimulation of the ventral tegmental area (Bunney and Aghajanian, 1976; Ferron et al., 1984; Sawaguchi and Matsumura, 1985; Bunney, 1989, Yang and Mogenson, 1990; Pirot et al., 1992; Thierry et al., 1992) . AMPA receptor-mediated EPSPs in layer V pyramidal cells are decreased by activation of D1 receptors (Law-Tho et al., 1994; Seamans et al., 2001 ), whereas NMDA receptor-mediated responses have been reported to be both increased (Seamans et al., 2001 ) and decreased (Law-Tho et al., 1994) . Dopamine also enhances the induction of long-term depression in layer V cells (Law-Tho et al., 1995; Otani et al., 1998) . D4 receptor-deficient mice display cortical hyperexcitability, suggesting that D4 receptors could function as inhibitory modulators of glutamate activity (Rubinstein et al., 2001) . In contrast to these inhibitory actions, dopamine potentiated responses to subthreshold doses of NMDA and acetylcholine (Yang and Mogenson, 1990; Cepeda et al., 1992) . During short-term working memory processing, a dopaminedependent increase in firing of PFC neurons has been observed (Fuster, 1995; Goldman-Rakic, 1995) . D1 receptors also seem to be crucial for the NMDA receptor-dependent long-term potentiation (LTP) at hippocampal-PFC synapses (Gurden et al., 2000) . Similarly, activation of D1/D5 receptors is required for LTP induction in corticostriatal pathways (Kerr and Wickens, 2001) . Dopamine reduces excitation in specific classes of inputs onto layer III pyramidal neurons in primate PFC (Urban et al., 2002) . Dopamine had no effect on miniature EPSCs (mEPSCs) in layer II-III PFC pyramidal neurons (Zhou and Hablitz, 1999) but had multiple effects on IPSCs. Dopamine increased the excitability of GABAergic interneurons (Zhou and Hablitz, 1999) , whereas evoked IPSCs were reduced (Gonzalez-Islas and Hablitz, 2001 ). These results suggest that dopamine may differentially modulate spontaneous and evoked release of neurotransmitter, as reported for other neuromodulators (Pitler and Alger, 1992; Scanziani et al., 1992 Scanziani et al., , 1993 Kondo and Marty, 1998) .
In primates (Lewis et al., 1998) and rodents (Berger et al., 1991) , the density of dopaminergic axons varies as a function of cortical layer and cytoarchitectonic region. The distinctive laminar and regional distribution patterns of dopamine innervation raise the question of whether dopaminergic axons target specific subclasses of neurons. Pyramidal neurons may express different subtypes of dopamine receptors (Vincent et al., 1993 (Vincent et al., , 1995 Mrzljak et al., 1996) , providing an additional basis for differential dopamine modulation of cortical neurons. Layer II-III pyramidal neurons are the source of significant intracortical horizontal pathways (Hess et al., 1994) . Because superficial layers of rat PFC receive a substantial dopamine input (Gaspar et al., 1995; Lu et al., 1997) , we have examined the effects of dopamine on EPSCs in layer II-III pyramidal cells. The present results indicate that do-pamine can enhance EPSCs in upper cortical layers. A postsynaptic mechanism involving activation of D1-like receptors appears to be involved. A preliminary report of some of these results has been published previously in abstract form (Gonzalez-Islas and Hablitz, 2000) .
Materials and Methods
Slice preparation. Neocortical slices were prepared from Sprague Dawley rats (15-25 d of age). Animals were handled and housed according to the guidelines of the National Institutes of Health Committee on Laboratory Animal Resources. All experimental protocols were approved by the Institutional Animal Care and Use Committee. Every effort was made to minimize pain and discomfort. Rats were anesthetized with ketamine and decapitated. The brain was removed quickly and placed in ice-cold artificial CSF (ACSF), which contained (in mM): 125 NaCl, 3.5 KCl, 0.5 CaCl 2 , 3.5 MgCl 2 , 26 NaHCO 3 , and 10 D-glucose. The solution was bubbled with 95% O 2 /5% CO 2 to maintain a pH of ϳ7.4. Coronal brain slices (300 m thick) were cut using a Vibratome. The anterior cingulate cortex and the shoulder or Fr2 region of the frontal cortex (Paxinos and Watson, 1986) were used for recording, as shown in Figure 1 A. These two areas make up a large portion of the rodent PFC (Kolb, 1990) . The slices were incubated in ACSF similar to that described above but containing 2.5 mM CaCl 2 and 1.3 mM MgCl 2 , bubbled with a mixture of 95% O 2 /5% CO 2 , for at least 1 hr at room temperature (22°C) before recording. After incubation, slices were transferred to a recording chamber continuously perfused (3 ml/min) with oxygenated ACSF. A Zeiss (Thornwood, NY) Axioskop upright microscope, equipped with Nomarski optics, a 40ϫ-water immersion lens, and infrared illumination was used to view neurons in the slices. Layer II-III pyramidal neurons were identified by their pyramidal shape, presence of a prominent apical dendrite, distance from the pial surface, and their regular spiking properties. In some experiments, cells were intracellularly labeled with biocytin to confirm identification. Labeled cells were processed as described previously (Zhou and Hablitz, 1996) .
Whole-cell recording. Whole-cell voltage-clamp recordings were obtained as described previously (Gonzalez-Islas and Hablitz, 2001) . Tight seals (Ͼ2 G⍀ before breaking into whole-cell mode) were obtained without first cleaning the cell. Patch electrodes had an open tip resistance of ϳ3 M⍀. Series resistance during recording varied from 10 to 20 M⍀ and was not compensated. Recordings were terminated whenever significant increases (Ͼ20%) in series resistance occurred. The intracellular solution for recording synaptic currents contained (in mM): 125 K-gluconate, 10 KCl, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, and 0.5 EGTA. pH and osmolarity were adjusted to 7.3 and 285 mOsm, respectively. In some experiments, an intracellular solution was used in which 10 mM BAPTA was substituted for EGTA. After breaking into the cell, at least 15 min was allowed for BAPTA to diffuse into the cell. Bicuculline methiodide (10 M) (Sigma, St. Louis, MO) was bath applied to block GABA A receptormediated IPSCs. Synaptic responses were evoked with a bipolar stimulating electrode (twisted pair of 25 m Formvar-insulated nichrome wires) positioned 150 -200 m subjacent to the recording pipette. Stimuli were current pulses 50 -100 A in amplitude and 50 -100 sec in duration. A stimulation frequency of 0.05 Hz was used. All traces of synaptic currents shown represent the average of 10 consecutive responses. Recordings were done at room temperature (ϳ22°C).
Data collection and analysis. Signals were acquired using a Warner PC505A amplifier (Warner Instruments, Hamden, CT) controlled by Clampex 8.0 software (Axon Instruments, Foster City, CA) via a Digidata 1200B interface (Axon Instruments). Responses were filtered at 5 kHz, digitized at 10 -20 kHz, and analyzed using Clampfit 8.0 software (Axon Instruments). Data are expressed as mean Ϯ SEM. Statistical analysis of response amplitudes before, during, and after addition of dopaminergic agents was carried out using a two-tailed Student's t test. p Ͻ 0.05 was considered significant. Dose-response data were fitted to an unconstrained Hill function using Clampfit.
Drug application. Dopamine was used as the endogenous agonist for dopamine receptors and was bath applied. After collecting control responses, dopamine and dopaminergic agonists were bath applied. After 4 min of drug application, experimental data were obtained. Acquisition consisted of 10 -12 consecutive responses at 0.05 Hz. Drug free solution was then applied for 10 min, and wash responses were recorded. Antagonists were applied 20 min before acquiring control records as well as during agonist application. (Ϯ)-1-phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide (SKF38393) and R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390) hydrochloride were used as selective D1-like agonists and antagonists, respectively. Quinpirole and (RS)-(Ϯ)-sulpiride were used as selective D2-like agonists and antagonists, respectively. All of these agents were purchased from Tocris Cookson (Ellisville, MO). In paired-pulse experiments, the GABA B receptor antagonist (2S)-(ϩ)-5,5-dimethyl-2-morpholineacetic acid (SCH50911) (Tocris Cookson) was included in bathing solution. Drugs were stored in frozen stock solution and dissolved in the ACSF before each experiment. Sodium metabisulfite (Na 2 S 2 O 5 , 50 M) was used to protect dopamine and dopaminergic agonists and antagonists from oxidation (Sutor and Ten Bruggencate, 1990) .
Peptide inhibitors of Ca 2ϩ /calmodulin kinase II (CaMKII inhibitor 281-309) and PKA [protein kinase inhibitor (PKI) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ] were obtained from Calbiochem (La Jolla, CA). For application, these agents were included in the patch pipette.
Under direct visual guidance, glutamate (250 M or 1 mM) was pressure applied to the soma of the neuron and proximal dendrite from a distance of ϳ10 m. Pipettes for pressure applications were fabricated in the same manner as the patch electrodes described above. Glutamate was applied in a solution consisting of 125 NaCl, 3.5 KCl, 20 HEPES, and 10 D-glucose, pH 7.3 with NaOH. Pressure applications were controlled using a Picospritzer II (General Valve, Fairfield, NJ). Pulses were 5-15 msec in duration and were delivered at 3-12 psi. Settings were kept constant during a given recording. Glutamate pulses were given at 1 min intervals. All responses to glutamate shown represent the average of 10 consecutive applications. Application of the pressure pipette solution without glutamate did not evoke any detectable response.
Results
A photomicrograph of a slice used for recording is shown in Figure 1 A. The area used for recording is outlined by a box. Figure 1 B shows a low-power photomicrograph of a biocytinlabeled pyramidal cell. A camera lucida drawing of the neuron is shown in Figure 1C . Under direct visualization, 145 layer II-III pyramidal neurons from the anterior cingulate cortex and PFC (referred to as PFC pyramidal neurons) were recorded. Significant differences in the effect of dopamine between neurons recorded in the two areas were not observed, and the results were pooled for analysis.
Dopamine and EPSCs
After reaching a stable whole-cell configuration, intracortical stimulation of increasing intensity was given until a consistent response was evoked. After a latency of 2.14 Ϯ 0.2 msec, an inward current was observed. Response amplitude varied from 46 to 750 pA in different cells. Bath application of 20 M D-2-amino-5-phosphovaleric acid (D-APV) and 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) completely suppressed these currents (data not shown) indicating that they are glutamate-mediated EPSCs. EPSCs had a half rise time of 1.36 Ϯ 0.2 msec (n ϭ 20) and relaxed with a single exponential time course. The decay time constant was 5.27 Ϯ 1.5 msec (n ϭ 20). Typical responses are shown in Figure 2 A. After bath application of 20 M dopamine, EPSC amplitudes were significantly enhanced by 16% (411.5 Ϯ 13 vs 477.5 Ϯ 15 pA; n ϭ 20; p Ͻ 0.05), as shown in Figure 2 B. Responses scaled to the same peak amplitude were superimposable ( Fig. 2 A, inset) , suggesting that dopamine did not affect EPSC kinetics. The half rising time (1.4 Ϯ 0.3 msec; n ϭ 20; p Ͼ 0.9) and decay time constant (5.4 Ϯ 1.3 msec; n ϭ 20; p Ͼ 0.8) were not significantly altered after adding dopamine. Washout of dopamine for 10 min reversed the observed increase in EPSC amplitude (Fig. 2 A) .
The effect of varying the concentration of dopamine was tested. The dopamine-induced increase in EPSC amplitude was concentration-dependent between 1 and 100 M dopamine. Figure 2C depicts the concentration-response relationship. Each point represents average data from five neurons. Fitting the experimental points to an unconstrained Hill function, we obtained an EC 50 of 26.1 M. The maximum enhancement of the EPSC amplitude was 51.4%. The effect of dopamine showed saturation at ϳ100 M. No desensitization was observed when dopamine was added repeatedly after at least 10 min washout intervals (data not shown).
The observed EPSC enhancement could be attributable to a generalized increase in excitability caused by a change in input resistance or repetitive firing properties. This is unlikely, because we have shown previously that dopamine does not significantly affect the resting potential or repetitive firing properties of layer II-III pyramidal cells (Zhou and Hablitz, 1999; Gonzalez-Islas and Hablitz, 2001 ). In the present study, dopamine was not observed to significantly change the holding current under voltageclamp conditions (15.4 Ϯ 3 pA for control vs 14.7 Ϯ 3 pA for dopamine; n ϭ 20; p Ͼ 0.5).
Role of specific dopamine receptor subtypes
The effects of specific dopamine receptor agonists and antagonists were tested to elucidate the receptor subtypes mediating dopamine-induced EPSC amplitude enhancement. As shown in Figure 3A , bath application of the specific D1-like receptor agonist SKF38393 (10 M) increased EPSC amplitude. Specimen records of averaged EPSCs before, during, and after bath application are shown. A plot of EPSC amplitude as a function of time indicates that SKF38393 produced a prompt increase in EPSC amplitude that partially reversed with washing. Averaged EPSCs were obtained at the time indicated by the downward arrows. In 10 neurons, SKF38393 significantly increased EPSC amplitude (51 Ϯ 15%; n ϭ 15; p Ͻ 0.04) (Fig. 3B) . The increase in EPSC amplitude by SKF38393 was significantly larger than that induced by 20 M dopamine ( p Ͻ 0.05%) but not different from that obtained with 100 M dopamine.
In contrast to SKF38393, the D2-like receptor agonist quinpirole (10 M) had no significant effect on EPSC amplitude (105.5 Ϯ 5%; n ϭ 7; p Ͼ 0.5) (Fig. 3B) . The average EPSC half rising time (1.4 Ϯ 0.1 msec, p Ͼ 0.8 in SKF38393; 1.4 Ϯ 0.4 msec, p Ͼ 0.7 in quinpirole) and decay time constant (4.6 Ϯ 0.7 msec, p Ͼ 0.7 in SKF38393; 4.4 Ϯ 0.3 msec, p Ͼ 0.5 in quinpirole) were not affected by either agonist. These results suggest that dopamine acted on D1-like receptors to produce the observed increase in EPSC amplitude.
To confirm D1-like receptor involvement, we examined the ability of the specific D1-like antagonist SCH23390 and the specific D2-like antagonist sulpiride to block dopamine-dependent enhancement of EPSCs. Antagonists were perfused for 20 min while EPSCs were evoked at 20 sec intervals. Responses were then recorded after this 20 min period of antagonist application, and dopamine was subsequently added in the continuous presence of the antagonist. Bath application of either antagonist had no effect on EPSC amplitude (160.6 Ϯ 28 pA for control vs 159.5 Ϯ 28 pA for SCH23390; 149.5 Ϯ 22 pA for control vs 148.8 Ϯ 21 pA for sulpiride). Holding current at Ϫ70 mV was also unaffected (Ϫ61.5 Ϯ 10 pA for control vs Ϫ62.7 Ϯ12 pA for SCH23390, n ϭ 10, p Ͼ 0.8; Ϫ82.5 Ϯ 33 pA for control vs Ϫ79.9 Ϯ 30 pA for sulpiride, p Ͼ 0.06), In the presence of sulpiride (20 M), dopamine enhanced EPSCs (13 Ϯ 5%; n ϭ 5; p Ͻ 0.01) in a manner similar to that observed in absence of the D2 antagonists (Fig.  3B) . Conversely, when D1-like dopamine receptors were blocked with the specific antagonist SCH23390 (10 M), EPSCs were not enhanced ( Fig. 3B ) (93 Ϯ 6%; p Ͼ 0.1 vs control in the presence of antagonist; n ϭ 10).
Dopamine effects on NMDA and AMPA receptor EPSCs
EPSCs in PFC pyramidal neurons have both AMPA and NMDA receptor-mediated components. To determine whether dopamine selectively modulated individual EPSC components, as reported for layer V neurons (Seamans et al., 2001) , AMPA and NMDA receptor-mediated EPSCs were pharmacologically isolated. For the first two conditions, the holding potential was Ϫ70 mV, while for NMDA EPSCs, the holding potential was Ϫ40 mV to relieve the voltagedependent Mg 2ϩ block of NMDA channels. Dopamine (DA) had no significant effect on the paired-pulse ratio.
dopamine enhanced the amplitude of AMPA receptor-mediated EPSCs (20 Ϯ 7%; n ϭ 8; p Ͻ 0.05) (Fig. 4 A,C) . The holding current (14.9 Ϯ 3 pA for control vs 14.6 Ϯ 4 pA for dopamine; n ϭ 8; p Ͼ 0.05) and AMPA-mediated EPSC half rising time (1.5 Ϯ 0.4 msec for control vs 1.3 Ϯ 0.5 msec for dopamine; n ϭ 8; p Ͼ 0.05) (Fig. 4 Aa) were unaffected. In six of eight cells, an increase in the decay time constant was observed (6.2 Ϯ 2 vs 10.6 Ϯ 2 msec) (Fig. 4 Aa) . In another group of cells, 10 M CNQX was used to block AMPA receptors and permit recording of an NMDA receptor-mediated EPSC. Neurons were held at Ϫ40 mV to partially relieve the voltage-dependent Mg 2ϩ block of NMDA channels. Under these conditions, dopamine significantly increased the amplitude of NMDA-mediated EPSCs (17 Ϯ 4%; n ϭ 6) (Fig. 4 B,C) ( p Ͻ 0.05) without changing EPSC kinetics. No change in half rise time (2.1 Ϯ 0.5 msec for control vs 2.4 Ϯ 0.6 msec for dopamine; n ϭ 6; p Ͼ 0.7) (Fig. 4 Bb) or decay time constant (59.9 Ϯ 1 msec for control vs 61.9 Ϯ 1 msec for dopamine; n ϭ 6; p Ͼ 0.4) (Fig. 4 Bb) was observed. Holding current was also unaffected by dopamine addition (20.12 Ϯ 3.5 pA for control; 20.52 Ϯ 4.2 pA for dopamine; n ϭ 6; p Ͼ 0.9). These results suggest that both AMPA and NMDA receptormediated EPSCs are enhanced to a similar extent by dopamine.
Site of action of dopamine

Presynaptic
To determine whether the EPSC-enhancing action of dopamine is mediated by a presynaptic mechanism, we examined the effect of dopamine on the ratio of EPSC amplitudes evoked by paired stimulation. The GABA B receptor antagonist SCH50911 was bath applied to prevent activation of presynaptic GABA receptors, which can affect paired-pulse responses. Two stimuli were given at an interval of 20 msec, as shown in Figure 5A . A paired-pulse ratio was calculated by dividing the test EPSC amplitude by the control EPSC amplitude. Under control conditions, the pairedpulse ratio was 1.2 Ϯ 0.1. Addition of 10 M SCH38393, a selective D1-like agonist, did not significantly change the paired-pulse ratio (1.04 Ϯ 0.1 SCH38393; n ϭ 7; p Ͼ 0.9) (Fig. 5B) . Similarly, SCH38393 had no effect on the paired-pulse ratio for isolated AMPA receptor-mediated EPSCs (1.02 Ϯ 0.05 for control vs 0.99 Ϯ 0.2 for SCH38393; n ϭ 6; p Ͼ 0.15) (Fig. 5B) or NMDA receptor-mediated EPSCs (1.0 Ϯ 0.1 vs 1.1 Ϯ 0.1; n ϭ 5; p Ͼ 0.85) (Fig. 5B) . These results suggest that dopamine receptordependent increases in EPSC amplitude are not caused by changes in presynaptic glutamate release, as reflected in responses to paired stimulation.
Postsynaptic
To investigate whether postsynaptic changes were involved in dopamine-induced EPSC enhancement, glutamate was locally applied from a pressure pipette while the neurons were held at Ϫ70 mV. Figure 6 A shows averaged currents (10 responses) evoked in one PFC pyramidal neuron by glutamate before, during, and after application of 20 M dopamine. Glutamate response amplitude was enhanced during dopamine application. The effect was reversible with washing. A plot of glutamate response amplitude as a function of time is shown in Figure 6 B; each point represents data from five neurons. Glutamate responses were significantly increased in the five cells tested, as shown in Figure 6C (410.6 Ϯ 38 pA for control vs 492.2 Ϯ 44 pA for dopamine; p Ͻ 0.05; n ϭ 5).
Dopamine enhancement of AMPA and NMDA receptormediated currents in hippocampal CA1 neurons is dependent on a rise in postsynaptic Ca 2ϩ (Yang, 2000) . We therefore tested whether reducing postsynaptic Ca 2ϩ changes by including the Ca 2ϩ chelator BAPTA in the recording pipette affected the ability of dopamine to modulate EPSCs. After obtaining a stable wholecell recording, at least 15 min was allowed for BAPTA to diffuse into the cell. Under these recording conditions, dopamine did not increase AMPA-mediated (Fig. 7B) or NMDA-mediated (Fig. 7A ) EPSCs. A summary of the results is shown in Figure 7C (38.3 Ϯ 3 pA NMDA EPSC in control vs 38.1 Ϯ 3 pA in dopamine, n ϭ 5, p Ͼ 0.5; 48.5 Ϯ 6 pA AMPA EPSC in control vs 44.8 Ϯ 7 pA in dopamine, n ϭ 5, p Ͼ 0.5). These results suggest that the increase in EPSC amplitude induced by dopamine involves a Ca 2ϩ -dependent postsynaptic mechanism.
Role of PKA and CaMKII in EPSC enhancement D1-like receptors are positively coupled to adenylate cyclase. Activation of these receptors will increase cAMP formation and PKA activity. If PKA was involved in the dopamine-induced EPSC enhancement, blocking PKA activity should inhibit the effect of dopamine. We therefore tested the effect of including the PKA inhibitory peptide PKI [5-24] (Cheng et al., 1986) in the recording pipette (1 M). After obtaining a whole-cell configuration, we waited at least 15 min to allow the inhibitory peptide to dialyze into the cell. After obtaining control EPSC recordings, 20 M dopamine was bath applied as described above. No significant changes in EPSC amplitude (255.7 Ϯ 44 pA for control vs 249.5 Ϯ 42 pA for dopamine; n ϭ 5; p Ͼ 0.5) or in decay times (8.8 Ϯ 1 vs 8.3 Ϯ 1 msec; n ϭ 5; p Ͼ 0.3) were observed. Results from five neurons are summarized in Figure 8 A. The results presented above indicated that increases in intracellular Ca 2ϩ were required for dopamine modulation of EPSCs. Because CaMKII has been implicated in modulation of both AMPA (Derkach et al., 1999) and NMDA (Leonard et al., 1999) receptors, we examined the effect of the CaMKII inhibitory peptide [281-309] (Colbran et al., 1988 ) (10 M) on the EPSCs. When the CaMKII inhibitory peptide was included in the recording pipette, no enhancement of EPSC amplitude by dopamine was observed in any of the cells tested (n ϭ 6). This is summarized in Figure 8 B (178.9 Ϯ 36 pA for control vs 183.5 Ϯ 30 pA for dopamine; n ϭ 6; p Ͼ 0.1). There was no significant change in EPSC decay times (7.7 Ϯ 2 vs 7.3 Ϯ 1 msec; n ϭ 6; p Ͼ 0.1).
Discussion
The present study demonstrates that dopamine enhances the amplitude of evoked EPSCs in rat PFC. AMPA and NMDA receptormediated EPSCs were increased to a similar extent. This action was attributable to activation of D1-like dopamine receptors. The results of experiments with pressure-applied glutamate and inclusion of BAPTA in the recording pipette indicate a postsynaptic, Ca 2ϩ -dependent mechanism. Peptide inhibitors of PKA or CaMKII blocked the enhancing effect of dopamine, suggesting that EPSC enhancement may be attributable to a signaling cascade involving Ca 2ϩ , PKA, and CaMKII.
Dopamine modulation of cortical excitability
The present results indicate that in the presence of bicuculline to block GABA A receptors, dopamine can facilitate excitatory synaptic responses in rat layer II-III PFC pyramidal neurons. The facilitation of EPSCs may be more or less pronounced under normal conditions. Dopamine can also inhibit evoked IPSCs in these cells (Gonzalez-Islas and Hablitz, 2001 ) and could decrease overall cortical excitability by enhancing GABAergic tone via an increase in spontaneous IPSCs (Zhou and Hablitz, 1999) while facilitating specific excitatory inputs. Conversely, dopamine affects dendritic voltage-gated channels (Yang and Seamans, 1996) and may modulate EPSP transmission to the soma. The net effect of dopamine in the intact PFC may thus depend on a number of variables (site of action, receptor subtype activated, and ion channel affected) and may vary with the spatial-temporal pattern of dopamine release.
Involvement of postsynaptic D1-like receptors
In the present study, EPSCs were recorded from identified layer II-III pyramidal neurons in medial PFC. Experiments with receptor-specific agonists and antagonists indicated that D1-like receptors were responsible for the observed EPSC enhancement. The D1-like receptor family is composed of the D1 and D5 receptor subtypes. They are preferentially coupled to subtype-specific members of the G s -like protein family that stimulate the activity of adenylyl cyclase (AC)-and PKA-dependent pathways. D1 re- ceptors have been implicated previously in dopamine-glutamate interactions in the PFC (Wang and O'Donnell, 2001) . Although the highest density of D1 receptors is in layers V and VI, significant labeling of neurons for D1 mRNA is found in superficial cortical layers (Gaspar et al., 1995; Lu et al., 1997) . The present results indicate that dopamine can significantly modulate excitability in upper cortical layers, potentially influencing activity in widespread horizontal and transcallosal pathways as well as deeper cortical layers. Four lines of evidence indicate that dopamine was acting postsynaptically. There was no change in paired-pulse ratios or EPSC rise times; dopamine enhanced currents evoked by pressure application of glutamate; and including BAPTA in the recording pipette blocked EPSC enhancement. Paired stimulation has been widely used as a tool for evaluation of possible presynaptic changes in synaptic transmission. It is usually accepted, following the classic model of Katz and Miledi (1968) , that any change in paired-pulse facilitation reflects a presynaptic change in the release probability or in the number of vesicles available for release. However, it is clear that additional presynaptic and postsynaptic mechanisms may contribute to paired-pulse plasticity. If dopamine had caused a change in paired-pulse ratios, it would have been difficult to interpret unequivocally. Our finding that paired-pulse ratios were unaffected suggests that dopamine was not influencing presynaptic transmitter release. This conclusion is supported by the findings that EPSC rise times were also not altered by dopamine or SKF38393. EPSC decay times were generally unaffected by dopamine, although in six of eight cells, an increase in the decay time for AMPA-mediated EPSCS was observed. The cause for this increase was not apparent. The findings with glutamate application and intracellular BAPTA administration strongly support a postsynaptic mechanism.
Mechanism of action
Dopamine, acting on D1 receptors, has been reported to modulate postsynaptic responsiveness to glutamate (Levine et al., 1996; Harvey and Lacey, 1997; Umemiya and Raymond, 1997; Cepeda et al., 1998; Calabresi et al., 2000) . It is well established that D1 receptors are linked to AC, and that D1 receptor activation results in an increase in cAMP production and PKA activity. PKA activation has been shown to increase phosphorylation of AMPAtype glutamate receptors (Price et al., 1999; Snyder et al., 2000) , an effect known to potentiate currents carried by recombinant AMPA receptors (Roche et al., 1996) . Similarly, dopamine receptor activation regulates the phosphorylation states of NMDA receptors (Snyder et al., 1998) . D1 receptors, by regulating phosphorylation of both AMPA and NMDA receptors, could modulate the efficacy of excitatory transmission in the PFC.
A rise in postsynaptic Ca 2ϩ was found to be required for the dopamine-mediated enhancement of EPSCs, as reported previously in the hippocampus (Yang, 2000) . Inclusion of the CaMKII inhibitory peptide in the recording pipette blocked dopamine enhancement of EPSCs in the present study. Modulation of ion channels by Ca 2ϩ has been broadly demonstrated. Derkach et al. (1999) showed that activation of CaMKII phosphorylates Ser-831 in the glutamate receptor 1 (GluR1) subunit of the AMPA receptors, enhancing its channel conductance in human embryonic kidney (HEK)-293 cells. This phosphorylation is thought to be part of the postsynaptic mechanisms of LTP (Derkach et al., 1999) . AMPA receptor-mediated currents are also regulated by CaMKII (Barria et al., 1997) . CaMKII has been reported to be associated with NMDA receptors in crude rat brain membranes (Leonard et al., 1999) , indicating a broad role for CaMKII modulation of glutamate ionotropic receptors. In the present experiments, it appears that dopamine receptor activation initiated a Ca 2ϩ -dependent signaling cascade that involved both PKA and CaMKII. The source of the Ca 2ϩ is unclear. It could result from Ca 2ϩ entry through NMDA or Ca 2ϩ -permeable AMPA receptors, voltage-gated Ca 2ϩ channels, or release from intracellular stores. Synaptically released glutamate could also activate metabotropic GluRs (mGluRs), which can result in intracellular calcium release (Masu et al., 1991) . NMDA receptors cannot be the sole Ca 2ϩ source, because dopamine potentiated AMPA-mediated EPSCs recorded in the presence of NMDA receptor antagonists. Ca 2ϩ -permeable AMPA receptors, lacking the GluR2 subunit, are most prevalent in neocortical interneurons (Jonas et al., 1994; Lambolez et al., 1996; Angulo et al., 1997) , although their presence in pyramidal cells cannot be ruled out. Pyramidal neurons are known to have dendritic Ca 2ϩ channels (Markram and Sakmann, 1994) , and dopamine can enhance Ca 2ϩ influx (Surmeier et al., 1995) . Liu et al. (1992) have reported that D1 receptor activation could lead to an increase in Ca 2ϩ by means of a phosphatidylinositol-dependent pathway and/or through the increase of voltage-dependent Ca 2ϩ entry via Ca 2ϩ channels in rat pituitary cells. A similar mechanism has been demonstrated by Galarraga et al. (1997) and Cepeda et al. (1998) in neostriatal neurons. In brain and kidney cells, D1 receptor agonists also produce an increase in inositol-1,4,5-triphosphate turnover. It is not yet known whether the production of these second messengers involves linkage of D1 receptors to multiple G-proteins or is the result of the activation of alternative D1-like receptor subtypes.
Dopamine modulation of release from intracellular stores remains relatively unexplored. However, D1 receptor stimulation releases calcium from intracellular stores in cells primed by activation of endogenous G-protein-coupled receptors in HEK-293 cells expressing D1 receptors and calcyon, a 24 kDa single transmembrane protein that localizes to dendritic spines of D1 receptor-expressing PFC pyramidal neurons (Lezcano et al., 2000) . This is a potentially attractive mechanism, because glutamate, acting at mGluRs, could provide the priming of G-protein receptors. Similarly, activation of D1/D5 receptors stimulates release of calcium from intracellular stores in cultured neocortical neurons (Lezcano and Bergson, 2002) .
Combined immunohistochemical-electron microscopic studies of the dopamine innervation of the primate neocortex demonstrated that dopamine terminals form symmetric contacts onto dendritic spines that also receive an excitatory input (Goldman-Rakic et al., 1989) . This triadic arrangement has been described in rats (Carr and Sesack, 1996) and provides a means for specifically modulating inputs to individual spines. The present results provide physiological data supporting the idea of a direct gating of excitatory synaptic input to the PFC, as proposed previously (Williams and Goldman-Rakic, 1995) . No estimate has been made of the frequency of occurrence of these triads, but classical electron microscopic studies suggest that only 5-30% of spines receive both symmetric and asymmetric contacts (Jones and Powell, 1969; Beaulieu and Colonnier, 1985) . The small increase in EPSC amplitude we observed in response to dopamine is consistent with selective modulation of a small number of terminals.
